Role of CHRAC14 and histone methyltransferase
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Kinetochore	 formation	 is	 required	 for	 the	 attachment	 of	 microtubules	 to	 the	
chromosome	at	centromere	where	CENP-A	(also	known	as	CID	in	Drosophila)	is	the	key	
factor	 for	 the	 formation	 of	 kinetochore.	 CENP-A	 is	 a	 variant	 of	 histone	 H3	 and	 its	
accumulation	at	the	centromere	leads	to	the	initiation	of	kinetochore	formation.	CENP-
A	 localization	 to	 centromere	 in	 Drosophila	 requires	 CENP-C	 and	 CAL1.	 Ectopic	
localization	 of	 CENP-A	 has	 been	 reported	 to	 give	 rise	 to	 pseudo-kinetochore,	 which	






In	 this	 study,	 we	 have	 investigated	 the	 potential	 role	 of	 CHRAC14	 in	 maintaining	
chromatin	structure	and	how	it’s	absence	lead	to	CENP-A	ectopic	localization.	We	show	
that	 depletion	 of	 CHRAC14	 leads	 to	 increase	 in	 transcript	 level	 of	 histone	
methyltransferase	Su(var)3-9.	Su(var)3-9	 is	responsible	for	histone	H3	lysine	9	(H3K9)	
methylation.	 Using	 Immunoblotting	 and	 immunofluorescence	 we	 show	 that	 lack	 of	
CHARC14	 leads	 to	 overall	 increase	 in	 histone	 H3	 lysine	 (H3K9)	 di	 methylation	 and	





overexpression	 of	 Su(var)3-9	 can	 cause	 ectopic	 localization	 of	 CENP-A	 and	 CENP-C.	
Moreover,	live-cell	imaging	analysis	revealed	that	Su(var)3-9	overexpressing	cells	show	
cell	 segregation	 defect	 with	 delayed	 metaphase	 and	 lagging	 chromosome.	 Further	










Zentromere	 werden	 durch	 den	 Schlüsselfaktor	 CENP-A	 (auch	 bekannt	 als	 CID	 in	
Drosophila)	 definiert.	 CENP-A	 ist	 eine	H3	Histonvariante	 und	 seine	Anreicherung	 am	
Zentromer	 führt	 zur	Ausbildung	des	Kinetochores.	 Für	 die	 Zentromerlokalisation	 von	
CENP-A	 sind	 in	Drosophila	 zwei	 Proteine	 sehr	wichtig:	 CENP-C	 und	 CAL1.	 Ektopische	
Lokalisation	von	CENP-A	führt	zu	Chromosomsegregations-Defekten	und	Aneuploidie.	
In	 Brust-,	 Darm-	 und	 Prostatakrebs	 ist	 das	 CENP-A	 Proteinlevel	 erhöht	 und	 CENP-A	
lokalisiert	zu	Regionen	außerhalb	des	Zentromeres.	2014	berichtete	unser	Labor,	dass	
in	 Drosophila-Zellen	 eine	 Reduzierung	 von	 CHRAC14	 ebenfalls	 zu	 ektopischer	
Lokalisation	 von	 CENP-A	 führt.	 CHRAC14	 bildet	 eine	 Untereinheit	 von	 jeweils	 zwei	
verschiedenen	Komplexen,	dem	ATAC	und	dem	CHRAC	Komplex.		
In	 dieser	 Doktorarbeit	 haben	 wir	 die	 Rolle	 von	 CHRAC14	 in	 Bezug	 auf	 die	
Aufrechterhaltung	 von	 Chromatin-Strukturen	 erforscht	 und	 wie	 das	 Fehlen	 von	
CHRAC14	ektopische	CENP-A	 Lokalisation	bedingen	 könnte.	Hier	 zeigen	wir,	 dass	 ein	
Mangel	an	CHRAC14	zum	Anstieg	des	Transkriptlevels	der	Methyltransferase	Su(var)3-9	
führt.	 Su(var)3-9	 ist	 für	 die	Methylierung	 von	 Histone	 H3	 an	 Lysin	 9	 verantwortlich.	
Durch	das	Anwenden	von	Immunoblotting	und	Immunfluoresenz	zeigen	wir,	dass	das	
Fehlen	von	CHRAC14	einen	globalen	Anstieg	von	H3	Lysin	Di-Methylierung	und	einen	
Abfall	 in	 H3K9	 Acetylierung	 bewirkt.	 Dieses	 Ergebnis	 betont	 die	 Bedeutung	 von	
CHRAC14	die	Balance	zwischen	Eu-	und	Heterochromatin	beizubehalten.		
Darüber	 hinaus	 untersuchten	 wir,	 ob	 der	 Anstieg	 des	 Su(var)3-9	 Expressionslevels	
möglicherweise	zu	ektopischer	CENP-A	Lokalisation	führen	könnte.	Indem	wir	Su(var)3-
9	 in	Drosophila-Zellen	über-exprimieren,	zeigen	wir,	dass	dies	ektopische	Lokalisation	
von	 CENP-A	 und	 CENP-C	 verursacht.	 Des	Weiteren	 deuten	 Lebend-Zell-Bildgebungs-
Experimente	darauf	hin,	dass	Su(var)3-9-Überexpression	 zu	Chromosomsegregations-




















































































































a	 string.	 Histone	 H1	 binds	 to	 the	 linker	 DNA.	 Histone	 H1	 stabilizes	
nucleosomes	and	facilitates	the	higher	order	packing	of	nucleosomes	into	




30nm	fiber	 is	 further	folded	and	packed	into	the	final	structure	which	 is	
seen	in	metaphase	chromosome	(Hood	&	Galas	2003a).		
An	 ordered	 chromatin	 organization	 is	 necessary	 for	 packing	 all	 DNA	
information	 in	 the	 nucleus	 compartment.	 However,	 the	 DNA	 packaging	
changes	during	cellular	processes	 like	DNA	transcription,	 replication	and	
during	 different	 stress	 conditions	 like	 DNA	 damage	 with	 the	 help	 of	
chromatin	 remodelers	 (Swygert	 &	 Peterson	 2014;	 Peterson	 2002).	 The	
phenomenon	of	changing	the	chromatin	structure	in	response	to	different	
environmental	conditions	to	alter	the	expression	of	genes	without	altering	
the	 underlying	 DNA	 sequence	 is	 termed	 as	 epigenetic	 (Goldberg	 et	 al.	
2007).	Epigenetics	can	also	be	explained	as	change	in	phenotype	without	
	 2	
changing	 the	genotype	by	effecting	how	cells	 read	 the	gene.	Chromatin	
remodelers	play	a	crucial	role	in	changing	the	chromatin	structure.	These	
remodelers	 have	 five	 common	 properties:	 1)	 DNA	 dependent	 ATPase	
domain	which	 is	 required	 for	breaking	 the	DNA-histone	contact	 thereby	
helping	 in	 remodeling,	 2)	 domains/proteins	 that	 regulate	 the	 ATPase	
domain,	3)	domains	 that	 recognize	 the	 covalent	histone	modification	4)	
domains	or	subunits	that	help	to	interact	with	chromatin	associated	factors	
and	 5)	 affinity	 to	 nucleosome.	 Chromatin	 remodelers	 are	 classified	 into	
four	families	on	the	basis	of	their	distinct	domains	associated	with	ATPase	
domain.	These	families	are	a)	switching	defective/sucrose	non	fermenting	






and	 is	 responsible	 for	 translocation.	 The	 ATPase	 translocation	 domain	
remains	attached	to	a	fixed	site	on	the	nucleosome	octamer	and	from	this	
site	 it	 conducts	 directional	 DNA	 translocation.	 This	 process	 can	 create	
transient	DNA	loops	on	the	nucleosome	which	then	propagate	around	the	
nucleosome.	 This	 loop	 propagation	 requires	 nucleosome	 sliding,	 or	
disruption	of	one	or	two	histones	from	the	nucleosome,	resulting	in	change	

















In	 eukaryotes,	 traditionally,	 the	 chromatins	 are	 divided	 into	 two	
categories:	 heterochromatin	 and	 euchromatin.	 Heterochromatin	
represents	inactive	or	dense	chromatin	regions	and	comprises	10	to	25%	
of	 total	 chromatin	 depending	 on	 age,	 cell	 type	 and	 species	 (Yunis	 &	
Yasmineh	1971;	Gabor	et	al.	1979).	Heterochromatin	is	further	subdivided	
into	 two	 categories:	 constitutive	 and	 facultative.	 Constitutive	
heterochromatin	 is	 referred	 to	 the	 chromatin	 regions	 that	 stay	
transcriptionally	inert	throughout	the	cell	life.	Facultative	heterochromatin	
represents	a	region	of	euchromatin,	which	is	silenced	via	condensation	and	
can	 be	 transcriptionally	 active	 when	 required	 by	 cell	 conditions.	
Euchromatin	 comprises	 the	 active	 chromatin	 regions.	 In	 general,	
euchromatin	 contains	 several	 histone	 H3	 	 lysine	 (K)	 methylation	 and	
acetylation	modifications	like,	H3K4me2,	H3K4me3,	H3K27ac	and	H3K9ac	










&	 Grosschedl	 2007;	 Hood	 &	 Galas	 2003b).	 These	 modifications	 are	
collective	 results	of	activities	of	histone	acetyltransferase	 (HAT),	histone	
deacetylase	 (HDAC),	 and	 histone	 methyltransferase	 (HMT).	
Heterochromatin	 and	 euchromatin	 is	 a	 simplified	 view	 of	 chromatin	
structure,	recent	studies	have	further	characterized	subtypes	of	chromatin	





polycomb	 group	 (PcG)-associated	 chromatin	 and	 3)	 predominantly	
associated	 with	 H1	 and	 suppressor	 of	 underreplication	 (Suur).	
Furthermore,	 they	divide	euchromatin	 into	2	 types:	1)	chromatin	region	
enriched	with	H3K36me3	and,	2)	active	chromatin	region	that	contains	no	
H3K36me3	 but	 is	 associated	 with	 Brahma	 which	 is	 a	 nucleosome	
remodeler.	 This	 gives	 a	 hint	 on	 specialized	 roles	 of	 different	 chromatin	







and	 this	 in	 turn	 reduces	 the	 interaction	 of	 the	 histone	 with	 negatively	
charged	DNA	thereby	making	chromatin	relaxed.	This	in	combination	with	
other	 chromatin	 remodelers	 overall	 affect	 the	 chromatin	 assembly	 and	
structure	 (Eberharter	 &	 Becker	 2002),	 further	making	 DNA	 information	
available	for	the	transcription	machinery	(Bannister	&	Kouzarides	2011).	







containing	 d)	 Elp3	 containing	 and	 e)	 Hpa2	 containing	 HAT	 complexes.	
MYST	HATs	can	be	categorized	into	complexes	with	a	catalytic	subunit	a)	




DNA-binding	 domains	which	 are	 important	 for	 HAT	 recruitment	 and	 its	
activity.	Multiple	functions	identified	for	HATs	explain	the	requirements	of	
many	 subunits.	 Associated	 subunits	 help	 HATs	 to	 be	 recruited	 to	 an	









by	 chromatin	 assembly	 factor	 1(Caf1)	 	 (Das	 et	 al.	 2009).	 	 In	 a	 nutshell,	


























PCAF	 PCAF	 Sas3	 NuA3	
Hat1a	 HATB	 Sas2	 SAS	
Elp3	 Elongator	 TIP60	 TIP60	
Hpa2	 Hpa2	 HBO1	 HBO1	
-	 -	 MOF	 MSL	
	
1.1.4 Histone	deacetylases	
Histone	 deacetylases	 (HDACs)	 catalyze	 the	 removal	 of	 functional	 acetyl	
groups	 (O=C-CH3)	 from	 histones.	 HDACs	 are	 metal	 dependent	 (Zn2+)	






role	 in	 inactivation	 of	 genes	 via	 interaction	 with	 histone	
methyltransferases	(HMT)	(Czermin	et	al.	2001).	Class	II	HDACs	are	HDACs	









III	 HDACs	 share	 similarity	 with	 yeast	 Sir2	 and	 play	 a	 role	 in	 longevity,	








diseases	 (Ververis	 et	 al.	 2013)	 led	 to	 the	 need	 of	 HDAC	 inhibitors	 for	
research	 and	 clinical	 purposes.	 N-butyrate	 is	 the	 earliest	 discovered	
inhibitor,	which	causes	a	reversible	increase	in	histone	acetylation	(Riggs	
et	 al.	 1977).	 Trapoxin	 A	 (TPX)	 and	 trichostatin	 A	 (TSA)	were	 discovered	
following	N-butyrate	(Yoshidas	1990;	Kijima	et	al.	1993).	TSA	is	shown	to	
create	hyperacetylation	of	the	chromatin	environment	by	inhibiting	a	wide	
range	 of	 HDACs,	 in	 turn	 to	 reduce	 the	 heterochromatin	 environment	
concomitant	with	a	 reduction	 in	H3K9	methylation	 (Görisch	et	al.	 2005;	
Tóth	et	al.	2004;	Felisbino	et	al.	2016;	Wu	et	al.	2008).	TSA	is	one	of	the	
extensively	used	drugs	in	studying	the	overall	role	of	HDACs	in	chromatin	






Histone	 methyltransferases	 (HMTs)	 are	 a	 class	 of	 enzymes	 that	 add	 a	







domain	 that	 is	 a	 130	 amino	 acid	 catalytic	 domain	 initially	 found	 to	 be	
conserved	in	Su(var)3-9,	E(z)	(enhancer	of	zeste)	and	Trithorax	(Jenuwein	
2006).	 Su(var)3-9,	 E(z),	 and	 trithorax	 are	 lysine	 HMTs	 (KHMTs).	 Lysine	
methylation	on	histones	is	one	of	the	posttranslational	modifications	that	
regulate	 important	 epigenetical	 phenomena	 like	 gene	 silencing	 and	
heterochromatin	 formation.	 	 KHMTs	 can	 be	 divided	 into	 two	 groups:	
KHMTs	with	a	SET	domain	and	KHMTs	without	a	SET	domain	(Nguyen	&	
Zhang	2011b).	
Subsequently,	 I	 will	 focus	 on	 modifications	 catalyzed	 by	 SET	 domain	
containing	KHMTs,	their	substrates	and	their	significance	in	regulating	cell	
cycle	 progression	 and	 development.	 Methylation	 of	 lysine	 residues	 of	
Histone	 H3	 K4,	 K9,	 K27,	 K36	 and	 K79,	 and	 K20	 in	 H4	 histone	 are	well-
studied	sites	(Table	1.2)	and	reviewed	in	detail	by	Black	et	al.	2012	and	Izzo	
&	Schneider	2010.		Methylation	of	H3	K9,	K27	and	H4K20	plays	a	role	in	the	
formation	 of	 heterochromatin	 and	 transcriptional	 silencing,	 while	

























































































of	Clr4.	 Su(var)3-9	 is	demonstrated	 to	be	 conserved	 from	yeast	 to	
human.	Su(var)3-9h1	which	 is	a	homolog	of	Drosophila	Su(var)3-9,	
requires	 the	 H3K9me1	 modification	 by	 SETDB1	 for	 adding	
Table	 1.2:	 The	 Histone	 lysine	 methylation	 sites	 listed	 according	 to	 their	 lysine	 histone	
methyltransferase	 and	 function	 of	 the	 methylation.	 Species	 abbreviation:	 Dm:	 Drosophila	




H3K9me2/3	 at	 pericentric	 heterochromatin	 (Loyola	 et	 al.	 2009;	
Lundberg	et	al.	2013).	Su(var)3-9	physically	interacts	with	H1	linker	
histone	playing	a	key	role	in	formation	of	heterochromatin	(Lu	et	al.	
2013).	 H3K9me	 is	 important	 for	 maintaining	 constitutive	
heterochromatin,	while	it	is	also	important	for	silencing	euchromatin	
regions.	 In	 Drosophila,	 Su(var)3-9	 is	 the	 dominant	 HMT	 and	 is	
detected	 in	 all	 major	 heterochromatin	 regions	 and	 several	
euchromatin	regions	(Hwang	et	al.	2001;	Schotta	et	al.	2003).		Lack	of	
Su(var)3-9	 results	 in	 an	 aberrant	 chromosome	 segregation	 during	
meiosis	and	increases	genome	instability	 in	mammals	(Peters	et	al.	
2001;	Schotta	et	al.	2002).	Its	activity	is	important	for	peri-centric	and	
telomeric	 H3K9	 methylation.	 	 Overexpression	 of	 Su(var)3-9	 in	
mammals	causes	a	cell	segregation	defect	with	chromosome	bridges	
with	 micro-	 and	 poly-nuclei.	 Interestingly,	 Su(var)3-9	 double	 null	
murine	cells	also	show	similar	defects	during	mitosis	with	micro-	and	
poly-nuclei	 (Rea	 et	 al.	 2000).	 The	 Su(var)3-9	 mediated	 H3K9me	
formation	 is	 important	 for	maintaining	DNA	methylation	 (Du	et	al.	
2015).	It	is	important	to	note	that	DNA	methylation	is	not	present	in	
all	 the	 organisms	 or	 restricted	 to	 an	 early	 development	 stage,	 for	
instance,	in	Drosophila	melanogaster	(Lyko	et	al.	2000;	Raddatz	et	al.	
2013;	 Takayama	 et	 al.	 2014;	 Capuano	 et	 al.	 2014),	 indicating	 the	
presence	of	an	alternative	DNA	compaction	strategy,	possibly,	larger	
role	of	histone	methylation	in	DNA	compaction.		
Formation	 of	 heterochromatin	 requires	 H3K9me2/3	 by	 Su(var)3-9,	
which	 is	 followed	 by	 binding	 of	 Heterochromatin	 protein	 1	 (HP1)	
{also	termed	as	Su(var)2-5}	which	interacts	with		both	Su(var)3-9	and	
methylated	 H3K9	 and	 this	 provides	 a	 positive	 feedback	 loop	






stronger	 affinity	 to	 bind	 to	 H3K9me3	 than	 H3K9me2	 via	 its	
chromodomain	 (Pérez-Toledo	et	al.	 2009;	 Fischle	et	al.	 2003).	HP1	




non-coding	 repetitive	 RNA	 is	 postulated	 to	 be	 important	 for	
maintaining	 heterochromatin	 structure,	 as	 well	 as	 	 in	maintaining	
heterochromatin	 and	 euchromatin	 boundaries	 (Keller	 et	 al.	 2013;	
Blattes	et	al.	2006;	Zhou	et	al.	2009).	Recent	findings	also	suggest		a	
role	of	HP1	 in	 regulating	euchromatin	 regions	positively	 and	more	
evidences	 are	 emerging	 to	 show	 functions	 of	 HP1	 independent	 of	
H3K9me2/3,	 in	 positive	 regulation	 of	 gene	 expression	 (Yuan	 &	
O’Farrell	2016;	Liu	&	Zhang	2015).	
	



















CHRAC14	 is	 a	 subunit	 of	 Ada2s-containing	 (ATAC)	 and	 chromatin	 accessibility	
(CHRAC)	chromatin	remodeling	complex	(Figure	1.3).	The	ATAC	complex	contains	
13	subunits	which	includes	two	HAT	subunits,	Gcn5	and	ATAC2	(Suganuma	et	al.	
2008;	 E.	 Vamos	 &	 Boros	 2012;	 Ciurciu	 et	 al.	 2008).	 CHRAC	 belongs	 to	 ISWI	
chromatin	 remodeling	 family.	 CHRAC	 contains	 ACF,	 CHRAC14	 and	 CHRAC16	
subunits	(Kukimoto	et	al.	2004;	Varga-Weisz	et	al.	1997;	Corona	et	al.	2000).	The	
presence	 of	 CHRACI4	 enhances	 the	 nucleosome	 sliding	 activity	 of	 CHRAC.	 The	
CHRAC14/16	subunit	also	helps	the	CHRAC	complex	to	bind	to	genomic	sites	on	the	
chromatin	 (Hartlepp	 et	 al.	 2005).	 In	 mammals,	 depletion	 of	 ACF1	 delays	 the	






DNA	damage	 sites	 upon	DNA	damage	 induced	with	 increased	H3K9	 acetylation	
(H3K9ac)	that	in	turn	recruits	DNA	repair	proteins	(Guo	et	al.	2011).	Further,	loss	





of	 Ada3,	which	 is	 another	 ATAC	 complex	 subunit,	 show	 impaired	 DNA	 damage	
repair	ability	upon	 Ionizing	 radiation	 (IR)	 treatment	 in	murine	cells	 (Mirza	et	al.	
2012).	Moreover,	Gcn5	containing	the	ATAC	complex	subunit	ADA2B	shows	genetic	
interaction	 with	 p53	 (Pankotai	 et	 al.	 2005)	 and	 absence	 of	 CHRAC14	 shows	
impaired	DNA	damage	repair	in	Drosophila	(Mathew	et	al.	2014).	Taken	together,	
these	 reports	 suggest	 a	 role	 for	 CHRAC14	 containing	 complexes	 in	maintaining	













repetitive	 sequences	 are	 not	 specifically	 conserved	 among	 species,	 although	
reports	on	human-specific	171bp	alpha-satellite	and	yeast	S.	pombe	centromere	
regions	 suggest	 a	 role	 in	 the	 de-novo	 specification	 of	 the	 centromere	
(Hahnenberger	et	al.	1989;	Haaf	et	al.	1992).	In	budding	yeast,	centromere	specific	
DNA	element	 III	sequence	 is	directly	recognized	by	Centromere	binding	factor	3	
(Cbf3)	 (Lechner	 &	 Carbon	 1991).	 In	 addition,	 human	 artificial	 chromosome	 is	




features,	 which	 possibly	 make	 the	 centromeres	 unique	 for	 localization	 of	
kinetochore	 proteins.	 One	 of	 the	 common	 similarities	 is	 the	 presence	 of	
heterochromatin	 regions	 bordering	 the	 centromere	 from	 two	 sides.	 This	
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centromere	 flanking	heterochromatin	 is	 termed	as	pericentric-heterochromatin,	
which	 is	 a	 conserved	 epigenetic	 feature	 in	 both	 yeast	 and	 human.	 Pericentric-
heterochromatin	is	predominantly	marked	by	H3K9me2	(Sullivan	&	Karpen	2004),	
while	H3K9me3	is	present	on	only	one	side	as	seen	in	human	and	Drosophila	cells.	
Sullivan	 and	 Karpen’s	 study	 on	 mammalian	 and	 fruit	 fly	 cells	 reveals	 that	





kinetochore	 forming	 proteins	 or	 by	 the	 presence	 of	 a	 sequence	 that	 binds	 to	
kinetochore	 forming	 proteins.	 Because	 of	 variation	 in	 underlying	 centromere	
sequences	between	different	species,	it	is	challenging	to	study	the	potential	role	







centromere.	 Other	 than	 pericentric-heterochromatin,	 what	 makes	 centromere	
very	 unique	 from	 rest	 of	 the	 chromosome	 sites	 is	 the	 presence	 of	 CENP-A	
containing	 nucleosome.	 CENP-A	 is	 conserved	 from	 yeast	 to	 human.	 In	 various	
organisms,	CENP-A	nucleosome	is	not	present	uniformly	but	shows	an	interspersed	
pattern	 (Blower	 et	 al.	 2002;	 Greaves	 et	 al.	 2007;	 Yan	 &	 Jiang	 2007).	 The	
composition	of	a	CENP-A	nucleosome	is	still	unclear.	However,	 in	vivo	studies	 in	
yeast	 and	 mammalian	 cells	 suggest	 presence	 of	 a	 tetramer	 nucleosome	 at	
centromere	i.e.	CENP-A	nucleosome	contains	one	of	each	H2A,	H2B,	CENP-A	and	
H4	 histone	 (Henikoff	 et	 al.	 2014;	 Bodor	 et	 al.	 2014;	 Tachiwana	 et	 al.	 2011;	
Padeganeh,	 De	 Rop,	 et	 al.	 2013;	 Sekulic	 et	 al.	 2010)	 that	 is	 also	 referred	 as	
hemisome.	Moreover,	cell	cycle	dependent	fluctuation	of	tetramer	to	octamer	has	
also	 been	 postulated	 (Bui	 et	 al.	 2012).	 By	 contrast,	 presence	 of	 hemisome	 and	
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1	 (CAL1)	 and	 Centromeric	 protein-C	 (CENP-C)	 for	 its	 localization	 at	 centromere	
(Dunleavy	et	al.	2009;	Erhardt	et	al.	2008;	Bassett	et	al.	2012).	Cal1	and	CENP-C	are	
hypothesized	to	have	a	similar	function	as	HJURP	and	M18BP1,	despite	the	lack	of	
sequence	 homology	 (Pauleau	 &	 Erhardt	 2011).	 CENP-A	 bears	 60%	 amino	 acid	
similarity	with	 canonical	 H3	 histone	 and	 it’s	 the	N-terminal	 tail	 part	 of	 CENP-A	
which	has	no	similarity	with	H3	(Malik	et	al.	2002;	Sullivan	et	al.	1994).	Further,	
CENP-A	has	an	interesting	unstructured	C-terminal	part	which	is	important	in	long	















(Erhardt	 et	 al.	 2008;	 Mellone	 et	 al.	 2011).	 In	 human	 cells,	 CENP-A	 is	
recruited	to	the	centromere	in	G1	phase.	The	recruitment	is	regulated	by	
CDK	 dependent	 phosphorylation	 of	M18BP1	 that	 is	 a	 subunit	 of	MIS18	
complex	 (Silva	 et	 al.	 2012).	 Phosphorylation	 of	 M18BP1	 inhibits	 the	
recruitment	of	other	MIS18	complex	subunits	MIS18α	and	MIS18β	outside	
G1	phase,	which	is	important	for	CENP-A	assembly.	Additionally,	Polo-like	
kinase	 1	 promotes	 deposition	 of	 CENP-A	 by	 phosphorylating	 Mis18	
complex	 in	 G1	 phase	 (McKinley	 &	 Cheeseman	 2014).	 Although	 CENP-A	




modification	 in	 centromere	and	peri-centromeric	region.	 	Peri-centromeric	region	contains	
heterochromatin	 histone	 and	 DNA	 modification	 (DNA	 methylation,	 H3K9me2/3	 and	
H3K27me3).	 Centromeric	 canonical	 histone	 H3	 and	 H4	 contain	 H3K4me2,	 H3K36me2	 and	
H4K20me1	suggesting	transcriptionally	active	regions.	Centromere	specific	H3	variant	CENP-A	
is	 ubiquitylated	 at	 K124	 and	 acetylated	 at	 K124,	 phosphorylated	 at	 S7,	 S16,	 S18,	 and	
trimethylated	at	G1	for	proper	CENP-A	regulation,	centromeric	and	kinetochore	function.		
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posttranslational	 modifications	 of	 histones	 associated	 with	 the	
centromere	(Figure	1.4).		
Intermittent	 canonical	 histone	 H3	 present	 at	 centromere	 contains	
H3K36me2	 (Bergmann	 et	 al.	 2011)	 and	 H3K4me2	 (Ribeiro	 et	 al.	 2010;	
Sullivan	&	Karpen	2004;	Blower	et	al.	2002)	in	Drosophila	and	human	cells	
suggesting	 transcriptionally	 active	 sites	 at	 the	 centromere	 (Wang	 et	 al.	
2014).	 Adding	 to	 this,	 studies	 on	 chicken	 and	 human	 cells	 suggest	 the	
presence	of	H4K20	methylation	in	CENP-A	nucleosome	(Hori	et	al.	2014;	
Bailey	 et	 al.	 2015),	 which	 has	 been	 demonstrated	 to	 be	 part	 of	
transcriptionally	 active	 chromatin	 (Wang	 et	 al.	 2008).	 Recently,	 reports	
suggesting	 transcription	 at	 centromere	 have	 emerged	 and	 the	
transcription	 originating	 from	 centromere	 is	 important	 for	mitosis.	 RNA	
polymerase	 II	 and	many	 transcription	 factors	 have	been	 reported	 to	be	
localized	at	 centromere	during	mitosis	and	perturbation	of	 this	 leads	 to	
chromosome	 segregation	 defects	 (Chan	 et	 al.	 2012;	 Liu	 et	 al.	 2015).	 In	
addition,	 recently	 it	 was	 reported	 that	 non-coding	 RNA	 SatIII	 that	




In	human	cells,	phosphorylation	of	CENP-A	at	 the	NH2	 terminus	at	S7	 is	
important	for	its	CENP-C	interaction	and	functional	kinetochore	(Kunitoku	
et	 al.	 2003).	 This	 phosphorylation	 is	 Arora	 B	 dependent.	 Studies	 using	
CENP-A	S7	mutants	show	that	the	CENP-A	nucleosome	might	be	bridged	
by	CENP-C	via	phospho-binding	14-3-3	protein	(Goutte-Gattat	et	al.	2013).	
Furthermore,	 CENP-A	 is	 also	 phosphorylated	 at	 S68	 by	 CDK1	 (Cyclin-
dependent	kinase	1)	that	controls	its	recruitment	to	the	centromere	until	
onset	G1	phase.	 In	G1	phase,	CENP-A	S68	 is	dephosphorylated	by	PP1α	
(Protein	 phosphatase	 1	 alpha)	 leading	 to	 its	 centromeric	 recruitment	
(Zeitlin	et	al.	2001;	Yu	et	al.	2015).	Studies	also	show	that	CENP-A	K124	
ubiquitylation	 by	 CUL4A-RBX1-COPS8	 complex	 is	 important	 for	 CENP-A	
centromere	 localization	(Niikura	et	al.	2015).	 In	Drosophila,	CENP-A	gets	
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ubiquitylated	 by	 E3	 ligase	 CUL3/RDX	 in	 presence	 of	 CAL1	 and	 this	
modification	is	important	for	stabilization	of	CENP-A	and	its	maintenance	
at	 the	centromere	 (Bade	et	al.	2014).	 In	2012,	 it	was	also	 reported	that	
CENP-A	 K124	 and	H4K79	 in	 CENP-A	 nucleosome	 are	 acetylated	 at	G1/S	







chromatin	 organization	 thereby	 assisting	 inter-	 and	 intra-molecular	
interactions.	
In	yeast,	the	CENP-A	homolog	is	methylated	on	R27	and	this	methylation	
plays	 a	 crucial	 role	 in	 the	 localization	 of	 kinetochore	 components	 at	




1.4.2 Role	 of	 heterochromatin	 associated	 factors	 in	 CENP-A/kinetochore	
deposition	
CENP-A	 localizes	 precisely	 to	 centromeres	 and	 regulates	 the	position	of	
kinetochore	 formation	 in	wild-type	 (WT)	 conditions.	 	 Except	 in	 budding	
yeast	 (Folco	 et	 al.	 2008),	 until	 now,	 there	 is	 no	 sequence	 specificity	
identified	 at	 the	 centromere	 for	 localization	 of	 CENP-A.	 However,	 all	
organisms	 including	 yeast,	 show	 well	 defined	 epigenetic	 centromere	
flanking	pericentric-heterochromatin	marks	(Sullivan	&	Karpen	2004).	This	
pericentric-heterochromatin	 is	 heterochromatinized	 by	 Su(var)3-9	 and	





unclear.	 Notably,	 localization	 of	 clr4	 in	 yeast	 is	 responsible	 for	 H3K9	
methylation	and	 causes	deposition	of	CENP-A	 (Kagansky	et	 al.	 2009).	 In	
contrast	to	yeast	and	Drosophila,	tethering	of	HP1	and	Su(var)3-9h1	using	




et	 al.	 2015).	 In	 mammalian	 cells,	 centromeric	 protein	 CENP-B	 which	
interacts	with	Su(var)3-9h1	shows	a	dual	role	by	maintaining	the	H3K9me3	





recruiting	 downstream	 constitutive	 centromere-associated	 network	
proteins	 (CCAN)	 which	 are	 essential	 for	 kinetochore	 formation.	
Importantly,	 CCAN	 is	 critical	 for	 KNL1/Mis12	 complex/Ndc80	 complex	
(KMN)	 network	 which	 acts	 as	 a	 microtubule-binding	 interface	 at	 the	
kinetochore	(Cheeseman	et	al.	2006).	No	direct	 interactions	of	any	HMT	





gives	 rise	 to	 a	 delayed	 mitotic	 phase	 and	 anaphase	 with	 lagging	
chromosome	defects.	One	such	situation	of	ectopic	loading	of	CENP-A	can	
be	achieved	by	CENP-A	overexpression	(Heun	et	al.	2006).	Mislocalization	
of	 CENP-A	 also	 results	 in	 increased	 genomic	 instability	 as	 a	 result	 of	
chromosome	 segregation	 defects	 and	 is	 a	 known	 phenotype	 of	 many	
cancer	forms	(Tomonaga	et	al.	2003;	Lacoste	et	al.	2014;	Heun	et	al.	2006;	




via	 TSA	 treatment	 can	 lead	 to	 a	 decrease	 in	 ectopic	 CENP-A	 sites	 in	
Drosophila	 (Olszak	 et	 al.	 2011).	 In	 conclusion,	 these	 studies	 suggest	 a	
potential	 role	 of	 heterochromatin-associated	 factors	 in	 the	 de-novo	
deposition	of	centromeric	and	ectopic	CENP-A	locations.		Although	it	is	still	




Recently,	 our	 lab	 discovered	 that	 depletion	of	 CHRAC14	 causes	 ectopic	 CENP-A	
localization	in	Drosophila	cells	and	that	depletion	of	CHRAC14	shows	endogenous	
accumulation	of	DNA	damage	and	G2-M	checkpoint	failure	upon	induction	of	DNA	
damage	 (Mathew	 et	 al.	 2014).	 Our	 lab	 has	 also	 reported	 in	 vivo	 and	 in	 vitro	
interaction	of	CENP-A	and	CHRAC14	upon	DNA	damage	suggesting	a	possible	role	








2. Does	 Su(var)3-9	 histone	 methyltransferase	 play	 a	 role	 in	 ectopic	 CENP-A	





of	CENP-A	 in	Drosophila.	 In	 the	second	part	of	 this	study,	 I	explored	a	potential	





2.2 CHRAC14	 knockdown	 changes	 the	 level	 of	 euchromatin	 and	 heterochromatin	
markers	
2.1.1 Depletion	of	CHRAC14	reduces	histone	H3	lysine	9	acetylation	
CHRAC14	 is	 a	 defined	 subunit	 of	 the	 ATAC	 complex.	 The	 ATAC	 complex	
contains	two	histone	acetyltransferases,	GCN5	and	ATAC2.	Disruption	of	the	






obtained	 suggest	 a	 decrease	 in	 H3K9ac	 (Figure	 2.1.A).	 To	 confirm	 these	
results,	CHRAC14	was	knocked	down	by	RNAi	 in	S2	cells,	histone	extracted	
and	analyzed	via	western	blot	using	H3K9ac	and	pan	H3	antibodies.	S2	cells	








2.1.2 Lack	 of	 CHRAC14	 results	 in	 an	 overall	 increase	 in	 histone	 H3	 lysine9	 di-
methylation	
Lack	 of	 ACF1,	 a	 subunit	 of	 the	 CHRAC	 complex,	 shows	 a	 reduction	 in	
heterochromatin	replication	(Collins	et	al.	2002).	ADA2A	and	GCN5	mutants,	
which	are	subunits	of	the	ATAC	complex,	show	enhanced	histone	H3K9me2	
modifications	 (Ciurciu	 et	 al.	 2008),	 which	 is	 a	marker	 of	 heterochromatin.	
Considering	that	CHRAC14	is	part	of	both	complexes,	a	depletion	of	CHRAC14	
may	 result	 in	 overall	 increased	 heterochromatin	 levels	 which	 also	
complements	my	observation	of	 reduced	H3K9ac,	as	deacetylation	of	K9	 is	









hotspot	 of	 ectopic	 CENP-A	 localization	 (Olszak	 et	 al.	 2011).	Mathew	et.	 al.	


















H3K9me2	 and	 anti-Tubulin	 (loading	 control).	 B)	 CHRAC14-/-	 flies	 show	 increased	 HP1	 level.	
CHRAC14-/-	and	Oregon	R	(WT)	adult	fly	lysate	was	analyzed	for	HP1	protein	level	via	western	blot.	










HP1	 by	 methylated	 H3K9	 which	 further	 recruits	 Su(var)3-9	 Histone	
methyltransferase.	 Su(var)3-9	 methylates	 more	 H3K9	 which	 recruits	 more	
HP1.	This	 leads	to	a	positive	feedback	 loop	mechanism	of	heterochromatin	
formation	and	maintenance	(Lachner	et	al.	2001;	Ebert	et	al.	2004).	Since	 I	












for	 CHRAC14,	 Su(var)3-9	 and	 Actin	 (control).	 The	 obtained	 results	 show	 a	
slight,	 though	 significant,	 increase	 in	 transcription	 level	 of	 Su(var)3-9	 in	
absence	of	CHRAC14	(Figure	2.4A	and	B).	The	 increased	expression	 level	of	







The	 previous	 experiments	 show	 that	 a	 CHRAC14	 knockdown	 enhances	
H3K9me2	and	increases	Su(var)3-9	expression	concomitant	with	an	increase	
in	CENP-A	foci.	 It	has	been	reported	that	Su(var)3-9	does	not	play	a	role	 in	
maintaining	 centromeric	 CENP-A	 localization	 (Andreyeva	 et	 al.	 2007).	 I	
therefore	tested,	whether	increased	Su(var)3-9	transcripts	play	a	role	in	the	
ectopic	 loading	 of	 CENP-A	 in	 absence	 of	 CHRAC14	 by	 a	 co-depletion	 of	
Su(var)3-9	 with	 CHRAC14.	 As	 seen	 previously,	 CHRAC14	 depletion	 shows	
enhanced	regions	of	H3K9me2	overlapping	with	DAPI	region,	 in	addition	to	
increased	 CENP-A	 foci.	 Moreover,	 lack	 of	 Su(var)3-9	 did	 not	 affect	 the	
endogenous	CENP-A	foci	numbers,	i.e.	cells	retained	similar	numbers	of	CENP-
A	 foci	as	 in	 control	 (WT)	cells	 (Figure	2.5A,	 first	and	 third	panel	 from	top).	
However,	 as	 expected,	 cells	 treated	 with	 Su(var)3-9	 RNAi	 show	 reduced	
H3K9me2	staining	(Figure	2.5A,	third	panel	from	top).	Interestingly,	cells	co-
treated	with	CHRAC14	and	Su(var)3-9	RNAi	also	show	a	decrease	in	H3K9me2	
staining	 in	 the	 nucleus	 (Figure	 2.5A,	 last	 panel	 from	 top)	 indicating	 	 an	
antagonistic	role	of	Su(var)3-9	and	CHRAC14	in	maintaining	heterochromatin	
structures.	 Furthermore,	 I	quantified	 the	number	of	CENP-A	 foci	 in	 control	
(WT),	 CHRAC14	 RNAi,	 Su(var)3-9	 RNAi	 and	 co-CHRAC14/Su(var)3-9	 RNAi	
treated	 cells.	 As	 reported	earlier,	 CHRAC14	RNAi	 cells	 show	an	 increase	 in	













To	 further	 validate	 the	 rescue	 effect	 observed	 on	 CENP-A	 foci	 numbers	
obtained	by	co-depletion	of	Su(var)3-9	and	CHRAC14,	the	effect	of	the	histone	
deacetyltransferase	 (HDAC)	 inhibitor	 TSA	 (Trichostatin	 A)	 was	 analyzed.	
Deacetylation	of	acetylated	H3K9	is	prerequisite	for	its	methylation	(Park	et	
al.	 2011;	 O’Byrne	 et	 al.	 2011).	 HDAC	 removes	 H3K9	 acetylation,	 after	 the	
deacetylation	 event,	 histone	 methyltransferases	 like	 Su(var)3-9	 methylate	
Figure	2.5:	Increase	in	CENP-A	foci	in	CHRAC14	RNAi	treated	cells	is	Su(var)3-9	dependent.	A)	First,	second,	third	
and	fourth	panel	represent	control	 (no	RNAi	treatment),	CHRAC14	RNAi,	Su(var)3-9	RNAi	and	co-treatment	of	
CHARC14	 and	 Su(var)3-9	 RNAi	 treated	 S2	 cells,	 respectively.	 All	 samples	 were	 subjected	 to	 IF	 against	 anti-





























Further,	 it	 was	 checked	 whether	 the	 effect	 observed	 via	 IF	 is	 because	 of	
reduction	 in	 overall	 CENP-A	 protein	 level.	 This	 was	 analyzed	 via	 CENP-A	
western	blot	on	whole	lysate	from	CHRAC14	RNAi	S2	cells	treated	with	and	
without	0.5	µM	TSA	along	with	the	controls.	Cells	with	no	RNAi	treatment	but	













































promoter	 in	S2	cells	and	 incubated	with/without	the	HDAC	inhibitor	TSA	1mM.	Lysates	were	 immuno-






CHRAC14	 depletion	 shows	 an	 increase	 in	 Su(var)3-9	 mRNA	 levels	 with	 an	
increase	in	CENP-A	foci	number	and	ectopic	CENP-A	localization.	Additionally,	
co-depletion	 of	 CHRAC14	 and	 Su(var)3-9	 shows	 a	 decrease	 in	 CENP-A	 foci	
number.	It	was	therefore	tested,	whether	an	increased	Su(var)3-9	expression,	
irrespective	 of	 CHRAC14	 depletion,	 can	 lead	 to	 a	 similar	 effect	 on	 CENP-A	
localization.	
For	 this	 purpose,	 S2	 cells	 were	 transfected	 with	 a	 pMT-Su(var)3-9-V5-His	
construct.	Su(var)3-9	was	overexpressed	by	using	0.5mM	CuSO4	for	8	hours	











upon	 Su(var)3-9	 overexpression.	 Cells	 with	 and	 without	 Su(var)3-9	
overexpression	were	further	analyzed	for	CENP-A	foci.	Comparative	analysis	
between	 control	 (no	 over-expression)	 and	 Su(var)3-9	 overexpressing	 cells	
show	overall	increased	CENP-A	foci	numbers	in	cells	with	increased	Su(var)3-
9	 expression	 (Figure	 2.8A	 and	 B).	 This	 indicates	 that	 elevated	 Su(var)3-9	











spreads	 were	 fixed	 and	 co-stained	 with	 DAPI	 and	 CENP-A	 antibody.	 As	
expected,	metaphase	 spreads	 from	 control	 cells	 show	 two	 CENP-A	 foci	 at	
centromere	constrictions	of	sister	chromatids	reflecting	endogenous	WT	type	
localization	 of	 CENP-A	 (Figure	 2.9A	 upper	 panel	 lane).	 Su(var)3-9	
overexpressing	cells	show	CENP-A	at	endogenous	centromeric	constriction	as	
seen	in	control.	In	addition	to	centromeric	localization,	CENP-A	also	localizes	
to	metaphase	 chromosome	arms	 in	 Su(var)3-9	overexpressing	 cells	 (Figure	
2.9).	 Ectopic	 CENP-A	 foci	 were	 often	 sited	 near	 telomere	 ends	 which	 is	 a	
known	 predominant	 site	 for	 ectopic	 CENP-A	 loading	 (Olszak	 et	 al.	 2011)	






Images	 were	 analyzed	 via	 ImageJ,	 brightness	 and	 contrast	 was	 adjusted	
accordingly	 to	 visualize	 ectopic	 CENP-A	 in	 the	 samples	 with	 and	 without	





Quantification	 of	 five	 biological	 replicates	 of	 the	 experiment	 suggests	 that	
around	 10%	 of	 chromosomes	 without	 Su(var)3-9	 overexpression	 show	
























without	 Su(var)3-9	 overexpression	 were	 inhibited	 in	 metaphase.	 Thereafter,	 chromosomes	 were	
subjected	 to	 IF	 with	 anti-CENP-A	 antibody	 (red)	 and	 DAPI	 (grey).	 Arrowheads	 indicate	 the	 zoomed	
metaphase	spread.	Size	bar=	2µm.	B)	Quantification	of	ectopic	CENP-A	on	metaphase	 chromosomes	






The	 centromere	 is	marked	 by	 CENP-A	 H3	 variant,	 however	 CENP-C	 is	 also	
essential	for	centromere	identity	(Orr	&	Sunkel	2011).	CENP-A	and	CENP-C	are	
incorporated	concomitantly	at	the	centromere	(Pauleau	&	Erhardt	2011)	and	
ectopic	CENP-A	and	CENP-C	 localization	has	been	 reported	 to	 result	 in	 cell	
segregation	 defects	 (Heun	 et	 al.	 2006).	 Therefore,	 it	 was	 analyzed	 next	
whether	 the	 elevated	 Su(var)3-9	 levels	 can	 also	 lead	 to	 ectopic	 CENP-C	
localization.	 For	 this	 question,	 the	metaphase	 spreads	were	 repeated	with	
and	 without	 Su(var)3-9	 overexpression,	 afterwards	 stained	 with	 CENP-C	
antibody	 and	 DAPI	 to	 visualize	 chromosomes.	 ImageJ	 analysis	 of	 the	 DAPI	
region	 (metaphase	 spreads)	 shows	 clear	 localization	 of	 CENP-C	 to	
centromeres	in	WT	{control	with	no	Su(var)3-9	overexpression},	however,	no	
CENP-C	 signal	was	 observed	 to	 be	 localized	 on	 the	 sister	 chromatid	 arms,	
suggesting	centromere-specific	CENP-C	localization	(Figure	2.10	upper	panel	
Figure	 2.10:	 Increased	 Su(var)3-9	 overexpression	 causes	 CENP-C	 ectopic	 localization.	 S2	 cells	with	 and	
without	Su(var)3-9	overexpression	inhibited	in	metaphase	and	the	metaphase	spread	were	subjected	to	IF	
with	 anti-CENP-C	 antibody	 (green)	 and	 DAPI	 (grey).	 The	 arrowheads	 indicate	 the	 zoomed	 metaphase	
spreads.	Size	bar=	2µm.		
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lane).	 Conversely,	 in	 metaphase	 chromosomes	 obtained	 from	 Su(var)3-9	
overexpressing	 cells,	 ectopic	 CENP-C	 signals	 were	 observed	 in	 addition	 to	





2.4.1 Higher	 levels	 of	 Su(var)3-9	 show	 delay	 in	 mitotic	 phase	 and	 lagging	
chromosome	defects	
Ectopic	 CENP-A	 and	 CENP-C	 localization	 discovered	 under	 the	 influence	 of	
increased	 Su(var)3-9	 expression	 would	 indicate	 a	 functional	 kinetochore,	
which	 in	 turn	 should	 result	 in	 multiple	 microtubule	 attachments	 to	 a	




Figure	 2.11:	 Su(var)3-9	 overexpression	 leads	 to	 chromosome	 segregation	 defect.	A)	 Live-cell	 analysis	 of	
Su(var)3-9	 overexpressing	 cells.	 S2	 cells	 co-transfected	 with	 histone	 H2B-GFP	 (green),	 mCherry-Tubulin	
(red),	pMT-Su(var)3-9-V5-His	were	 imaged	every	15	minutes	for	12	hours.	WT	(no	CuSO4)	and	Su(var)3-9	
overexpression	(with	CuSO4).	WT	cells	show	normal	prophase	to	anaphase	progression.	Cells	with	Su(var)3-
9	overexpression	 show	 longer	metaphase	or	 lagging	 chromosome	defect	or	both.	Top	panel	 represents	
images	 from	 WT	 cells	 {with	 no	 Su(var)3-9	 overexpression}	 and	 bottom	 panel	 represents	 images	 from	
Su(var)3-9	 overexpressing	 cells.	 0	minutes	 represents	 the	 time	 point	 of	 alignment	 of	 chromosomes	 at	
metaphase	plate.	Size	bar	=	30µm.	B)	Quantification	of	chromosome	segregation	defect	in	WT	and	Su(var)3-
9	 overexpressing	 cells.	 A	 defect	 was	 categorized	 as	 longer	 metaphase	 (prolonged	 metaphase),	 lagging	




To	 check	 the	 occurrence	 of	 cell	 segregation	 defects	 in	 Su(var)3-9	
overexpressing	 cells,	 S2	 cells	were	 co-transfected	with	 H2B-GFP,	mCherry-
Tubulin	and	pMT-Su(var)3-9-V5-His.	These	cells	were	then	subjected	to	live-
cell	imaging	to	capture	any	cell	segregation	defect	in	absence	and	presence	of	
Su(var)3-9	 overexpression.	 WT	 cells	 show	 normal	 prophase	 to	 anaphase	
progression	with	an	average	duration	of	15	to	30	minutes	(Figure	2.11A	upper	
panel).	 As	 expected,	 Su(var)3-9	 overexpressing	 cells	 show	 cell	 segregation	
defects	 as	 observed	 during	 live-cell	 imaging	 (Figure	 2.11A	 lower	 panel).	
Defects	 observed	 include:	 a)	 longer	 metaphase,	 b)	 anaphase	 with	 lagging	
chromosomes,	c)	longer	metaphase	followed	by	lagging	chromosome	defect	
in	 anaphase	 (Figure	 2.11B).	 In	 this	 analysis,	 control	 cells	 show	 18%	 of	









to	kinetochore	or	 the	 result	of	multiple	microtubule	attachment	 sites	on	a	
chromosome	(Pauleau	&	Erhardt	2011;	Maiato	et	al.	2004).	Ectopic	CENP-A	
and	 CENP-C	 caused	 by	 Su(var)3-9	 overexpression	 as	 seen	 in	 earlier	




























more	 than	 one	 CENP-A	 foci	 (Figure	 2.12	 A).	 In	 normal	 cells	 segregating	
chromosomes	in	anaphase	should	possess	a	single	CENP-A-kinetochore	site	
built	 at	 the	 centromere.	 Considering	 this,	 lagging	 chromosomes	 were	








two	 conditions	with	no	 increased	CENP-A	 foci.	Overall,	 this	 is	 suggesting	 a	


























between	 endogenous	 CENP-A	 and	 Su(var)3-9	 under	 given	 Su(var)3-9	
conditions	 (Figure	 2.13).	 Additionally,	 the	 pulldown	 of	 CENP-A	 in	 CENP-A	
overexpressing	 cells	 shows	 a	 potential	 direct/indirect	 interaction	 with	





Figure	2.13:	Su(var)3-9	 interacts	with	endogenous	CENP-A	 in	Su(var)3-9	overexpression.	 S2	 cells	
with	Su(var)3-9-V5-His	overexpression	were	subjected	to	immunoprecipitation	using	a	V5	antibody	












PI	 dependent	 FACS	 analysis	 cannot	 be	 used	 to	 differentiate	 between	G2	 and	M	
phase	 in	WT	and	Su(var)3-9	overexpressing	cells.	To	further	evaluate	the	mitotic	
index	of	 Su(var)3-9	overexpressing	 cells,	 it	was	decided	 to	 check	 for	 the	mitotic	
marker	 phospho-Histone	 3	 (PH3)	 (Goshima	 et	 al.	 2007).	 Cells	 with	 and	 without	
Figure	2.14:	High	Su(var)3-9	 level	in	S2	cells	does	not	affect	the	cell	cycle	progression.	A)	Flow	cytometric	analysis	
indicating	the	cell	cycle	profile	of	control	 (WT	upper	panel)	and	CHRAC14	RNAi	(lower	panel)	cells.	The	cells	from	
each	 sample	were	 collected	after	4	days	of	RNAi	treatment,	processed	and	analyzed	using	BD	FACS	Canto	 II.	The	
percentage	of	 each	 cell	 cycle	 stage	and	 the	number	of	 cells	used	 (10,000	 event	 count)	 in	both	 samples	were	as	




Su(var)3-9	 overexpression	were	 subjected	 to	 IF	 using	 an	 anti-PH3	 antibody	 and	
nuclei	were	stained	with	DAPI	(Figure	2.15).		
PH3	 positive	 cells	 were	 quantified	 and	 percentages	 measured.	 Results	 suggest	
around	 10%	 of	 mitotic	 cells	 present	 in	 unsynchronized	 WT	 and	 Su(var)3-9	



























suggest	 that	 CHARC14	 alone	 could	 play	 a	 crucial	 role	 in	 maintaining	 chromatin	
structure.	
	
In	mammalian	and	 in	yeast	cells,	 it	has	been	shown	that	a	defect	 in	nucleosome	
assembly	affects	the	replication,	transcription	and	genome	maintenance	(Lewis	et	
al.	2005;	Kukimoto	et	al.	2004;	Rocha	&	Verreault	2008;	Burgess	&	Zhang	2014).	
Further,	 CHRAC14	 in	 the	 CHRAC	 complex	 is	 reported	 to	 affect	 chromatin	
nucleosome	assembly	(Guelman	et	al.	2009;	Clapier	&	Cairns	2009).	Depletion	of	
ACF1	 (a	 CHRAC	 subunit)	 has	 also	 been	 shown	 to	 slow	 down	 the	 replication	 of	
heterochromatin	 region	 suggesting	 a	 role	 of	 the	 CHRAC	 complex	 in	 relaxing	
heterochromatin	structure	(Collins	et	al.	2002).	Additionally,	in	yeast	a	homolog	of	
CHRAC14	is	suggested	to	anchor	the	CHRAC	complex	to	specific	genomic	sites	(Dang	





has	 been	 shown	 to	 be	 important	 for	 maintenance	 of	 histone	 acetylation	 and	
thereby	maintaining	the	euchromatin	and	heterochromatin	balance	in	Drosophila	
(Ciurciu	et	al.	2008;	Ma	et	al.	2013;	Guelman	et	al.	2009).	Ciurciu	et.	al.	has	also	
reported	 that	 an	 absence	 of	 ATAC	 complex	 subunits	 can	 lead	 to	 enhanced	
heterochromatin	 structures	 (Ciurciu	 et	 al.	 2008).	 However,	 it	 has	 never	 been	
elucidated	whether	the	absence	of	CHRAC14	either	as	part	of	CHRAC	complex	or	
ATAC	 complex	 can	 impact	 the	 overall	 chromatin	 structure.	Our	 study,	 explicitly,	
show	 that	 the	 absence	 of	 CHRAC14	 lead	 to	 increased	H3K9me2	 and	HP1	 levels	
	 46	





ADA2A	 (subunit	 of	 ATAC	 complex)	 depletion	 shows	 enhanced	 H3K9me2	 (see	
appendix	6.2)	and	this	is	Su(var)3-9	dependent	(Ciurciu	et	al.	2008)	which	is	similar	
to	 the	CHRAC14-/-	 phenotype	observed	 in	our	 study.	 In	 addition	 to	 this,	we	also	
observed	 that	 the	 lack	 of	 CHRAC14	 shows	 reduced	 H3K9	 acetylation,	 which	
indicates	the	loss	of	HAT	activity.	One	possible	reason	could	be	that	the	presence	





and	without	 CHRAC14	 on	H3K9	 containing	 substrate.	Our	 results,	 together	with	
previous	 reports,	 indicate	 a	 possible	 disruption	 of	 the	 ATAC	 complex	 or	 a	









It	 is	 easy	 to	 imagine	 that	 compact	 DNA	 structure	 can	 protect	 DNA	 against	 any	
endogenous	DNA	damaging	factors	like	reactive	oxygen	species	(ROS)	(Harikrishnan	
et	al.	2008;	Tsang	et	al.	2014).	However,	once	the	DNA	damage	occurs,	accessing	




repair	 system	may	 also	 involve	 chromatin	 relaxation	 by	 acetylation	 of	 histones	
(Tjeertes	 et	 al.	 2009;	 Guo	 et	 al.	 2011).	 We	 have	 observed	 that	 the	 CHRAC14	






low	 level	 of	 endogenous	DNA	 damage	 accumulation	 (Mathew	 et	 al.	 2014).	One	
possible	explanation	for	this	is	that	when	embryos	are	subjected	to	strong	dose	of	














CENP-A	 nucleosome	 plays	 role	 in	 CENP-A	 localization	 or	 2)	
acetylation/deacetylation	of	CENP-A	play	role	in	its	localization.	Recently	it	has	been	
reported	 that	 HAT1	 dependent	 H4	 K5	 and	 K12	 acetylation	 is	 important	 for	
centromeric	CENP-A	localization	in	chicken	cells	and	human	cells	(Shang	et	al.	2016).	
Similar	mechanism	is	also	possible	in	Drosophila	model	system	which	may	require	








in	 a	 previous	 report	 (Bade	 et	 al.	 2014).	 Later,	 the	 in	 vitro	 acetylation	 assay	was	
performed	by	Renate	Voit	(lab	of	Prof.	Ingrid	Grummt).	Initial	results	suggested	that	
CENP-A	could	be	acetylated.	However,	we	also	 found	control	CENP-A	acetylated	






the	 study	 detected	 acetylation	 of	 CENP-A	 at	 K105	 via	 mass	 spectrometry,	 the	
responsible	HAT	is	yet	to	be	discovered.	GCN5	and	ATAC2	are	two	HATs	associated	
with	 the	ATAC	complex	and	 it	 is	possible	 that	either	of	 these	HATs	could	be	the	
responsible	HAT	for	CENP-A	acetylation.	Additionally,	in	budding	yeast,	a	homolog	
of	 GCN5	 has	 been	 shown	 to	 interact	 with	 Cse4p	 (CENP-A	 homolog)	 and	 this	
interaction	 is	 important	 for	 kinetochore	 formation	 (Vernarecci	 et	 al.	 2008).	 This	
further	stresses	the	idea	of	GCN5	as	a	potential	HAT	for	CENP-A	acetylation.	It	would	
be	 interesting	 to	 further	 investigate	 the	 role	 of	 GCN5	 in	 CENP-A	 acetylation	 in	






increased	 foci	 were	 ectopic	 foci	 (Mathew	 et	 al.	 2014).	 Interestingly,	 during	 this	
study,	 we	 have	 observed	 that	 depletion	 of	 CHRAC14	 increases	 Su(var)3-9	 and	




which	 is	 downstream	 to	 Su(var)3-9	 in	 heterochromatin	 formation	 pathway,	 can	
lead	 to	 de-novo	 deposition	 of	 CENP-A	 at	 ectopic	 sites	 (Olszak	 et	 al.	 2011).	 It	 is	
possible	 that	 ectopic	 loading	 of	 CENP-A	 requires	 Su(var)3-9	 activity	 to	 create	
heterochromatin	boundaries	and	this	is	followed	by	HP1	recruitment.	Additionally,	
whether	 HP1	 and	 Su(var)3-9	 leads	 to	 ectopic	 loading	 of	 CENP-A	 via	 same	 the	
pathway	or	separate	is	a	subject	to	study	further.	It	will	also	be	interesting	to	ask	
whether	 the	 observed	 Su(var)3-9	 dependent	 CENP-A	 ectopic	 loading	 requires	
Satellite	 III,	 which	 has	 been	 reported	 to	 be	 important	 for	 centromeric	 CENP-A	
localization	(Rošić	et	al.	2014).		
Further,	 our	 live-cell	 image	 analysis	 on	 Su(var)3-9	 overexpressing	 cells	 show	 an	
enhanced	chromosome	segregation	defect	with	 lagging	chromosomes	and	 these	
lagging	 chromosomes	 show	 an	 increase	 in	 CENP-A	 foci	 count.	 These	 increased	
CENP-A	sites	on	chromosomes	could	be	the	possible	cause	of	a	lagging	chromosome	





localization	 or	 it	 is	 random	 but	 more	 specific	 to	 the	 surrounding	 epigenetic	
environment.	 Previous	 reports	 suggest	 that	 heterochromatin	 boundaries	 are	
hotspots	for	CENP-A	ectopic	localization	(Olszak	et	al.	2011).	In	agreement	with	this,	
my	results	suggest	that	ectopic	CENP-A	foci	sites	in	Su(var)3-9	overexpressing	cells	
were	 more	 often	 near	 to	 the	 telomeres,	 which	 are	 known	 to	 be	 dominant	
heterochromatin	site.	This,	in	turn,	indicates	that	the	heterochromatin	boundaries	
might	also	be	favourable	sites	for	ectopic	CENP-A	localization	 in	given	Su(var)3-9	
conditions	 and	 would	 be	 interesting	 to	 investigate	 in	 future.	 It	 is	 possible	 that	
overexpression	of	Su(var)3-9	gives	rise	to	ectopic	heterochromatin	chromatin	sites	
by	 methylating	 H3K9	 slightly	 away	 from	 telomeric	 heterochromatin	 and	 this	 is	
followed	 by	 recruitment	 of	 HP1.	 This	 would	 lead	 to	 the	 formation	 of	 a	 non	





proteins	 leading	 to	 the	 formation	 of	 potential	 ectopic	 microtubule	 attachment	












localization.	 In	 addition	 to	 this,	 in	 the	 preliminary	 data	 using	 the	 Lac-O/Lac-I	
tethering	system,	I	was	able	to	observe	that	the	tethering	of	Su(var)3-9	can	cause	






facilitating	 ectopic	 loading	 of	 CENP-A	 in	 Drosophila	 cells	 by	 influencing	 the	











absence	 leads	 to	an	 increase	 in	 Su(var)3-9	expression	which	 is	upstream	 to	HP1	
localization	 in	 heterochromatin	 formation.	 Su(var)3-9	 rise	 leads	 to	 ectopic	
heterochromatin	formation	which	may	impair	the	DNA	damage	repair	ability	and	
also	 favor	 the	CENP-A	and	CENP-C	ectopic	 localization.	 This	 ectopic	CENP-A	and	
CENP-C	localization	may	require	SatIII?	The	non-centromeric	CENP-A	and	CENP-C	
may	 recruit	 kinetochore	 proteins	 leading	 to	 potential	 microtubule	 attachment	






















proteins at ectopic sites
Multiple microtubule attachment sites
causing lagging chromosome defectPolyploidy or Aneuploidy 
Chromosome with
no ectopic CENP-A 
Figure	 3.1:	Working	Model:	 	 CHRAC14	 depletion	 leads	 to	 increase	 in	 Su(var)3-9	 expression,	 resulting	 in	 the	
formation	of	ectopic	heterochromatin	near	telomeres,	leading	to	the	non-heterochromatin	region	flanked	with	
heterochromatin	(similar	to	centromere).	Region	flanked	with	heterochromatin	near	telomere	may	favor	ectopic	
CENP-A	 localization	 and	 thereby	 recruiting	 kinetochore	 proteins.	 This	 would	 further	 lead	 to	 microtubule	
attachment	 of	 kinetochore	 in	 addition	 to	 centromeric	 attachment	 causing	 delayed	 metaphase	 and	 lagging	
chromosome	defect.		This	may	further	result	in	polyploidy	or	aneuploidy.		
	 53	
3.6 Histone	methyltransferases,	 the	 possible	missing-link	 between	 ectopic	 CENP-A	
and	cancer	
Reports	 on	 molecular	 biology	 of	 colon	 cancer	 suggests	 that	 the	 patients	 have	





et	 al.	 2015).	 Furthermore,	 HDAC	 inhibitors	 has	 been	 shown	 beneficial	 for	 the	
treatment	of	colorectal	cancer	(Barneda-Zahonero	&	Parra	2012;	Chou	et	al.	2011;	
Kondo	 et	 al.	 2003;	 Fang	 et	 al.	 2004;	 He	 et	 al.	 2013),	 possibly	 by	 promoting	
hyperacetylation	 environment.	 	 However,	 whether	 CENP-A	 non-centromeric	
localization	could	be	the	result	of	increased	level	of	HMT	and	H3K9me	has	never	
been	investigated	in	colon	cancer.	Here,	using	Drosophila	model	system,	we	present	
evidences	 which	 suggest	 possible	 link	 between	 raised	 HMT	 level,	 H3K9me	 and	
CENP-A	 miss-localization	 with	 potential	 impact	 on	 genome	 stability	 via	 cell	
chromosome	 segregation	 defects.	 It	 is	 possible	 that	 colon	 cancer	 cells	 which	
possess	combination	of	DNA	mismatch	repair	defect,	increased	HMT,	H3K9me	and	
non-centromeric	 CENP-A	 localization,	 altogether,	 creates	 tumour	 promoting	




















































































































































































































































































6	 H3K9me3-anti	rabbit	 1:1000	(for	WB)	 abcam	
7	 H3-anti	rabbit	 1:1000	(for	WB)	 abcam	
8	 CENP-C-anti	Guinea	pig	 1:1000	(for	IF)	 Covance	
9	 Spc105-anti	sheep	 1:1000	(for	WB)	 David	M.	Glover	












14	 YFP-anti	rabbit	 1:2500	(for	WB)	 Bukau	Lab	



















































































































































































medium	was	 replaced	with	 fresh	5	ml	 serum	medium	 to	get	 rid	 to	DMSO.	
Freshly	 thawed	 S2	 cells	 usually	 took	 2	 to	 4	 weeks	 to	 recover	 from	











RNA	 interference	was	used	 to	 knockdown	 the	expression	of	 gene	of	 interest	 by	
introducing	double	stranded	RNA	(dsRNA)	of	150	to	500bp.	For	this,	1.5-2.0	x	106	S2	
cells	were	plated	in	six-well	plate,	were	allowed	to	settle	and	grow	for	overnight	
























make	 stable	 cell	 lines.	 In	 none	of	 the	 cases,	 transient	 transfection	was	 used	 for	
experiments.	For	stable	transfection,	1.5	x	10	6	S2	cells	were	plated	 into	six	well	




pCopia-Hygro).	Both	 the	solutions	were	mixed	and	 incubated	 for	30-45	minutes,	
thereafter	600µl	 serum	free	medium	was	added	to	make	upto	1ml	 (transfection	























times	with	 PBS	which	was	 then	 followed	 by	 10minutes	 incubation	with	DAPI	 (1	
µg/µl)	 in	PBS,	washed	once	with	PBS.	Further	cells	on	slides	were	mounted	with	
mounting	medium	(Aqua/polymount),	covered	with	cover	slip	(1.5),	allowed	to	dry	









Subsequently	 cells	 were	 resuspended	 in	 1ml	 hypotonic	 sodium	 citrate	 solution	
(0.5%	Na3C6H5O7	in	ddH2O)	and	 incubated	 for	7.5	minutes	at	 room	temperature,	
this	makes	them	cells	swelled.	500	µl	of	swelled	cells	were	subjected	to	cytospin	
with	900	rpm,	high	acceleration	for	10	minutes	on	positively	charged	slides.	This	


















into	 consideration	 for	 any	 kind	of	 quantification.	 These	 regions	were	marked	as	






of	 CENP-A,	 CENP-C	 and	 other	 centromeric/kinetochore	 proteins	 signals	 in	 DPAI	
regions	 marked	 as	 ROI.	 Spots	 in	 the	 ROI	 were	 enhanced	 using	 the	 DoG	 spot	
enhancer	 plugin.	 Thereafter	 threshold	 was	 adjusted	 using	 “Li”.	 The	 numbers	
obtained	 by	 this	 approach	 were	 saved	 on	 Excel	 sheet	 and	 then	 the	 average	 of	
spots/nucleus	(spot/DAPI)	was	taken	into	account	for	compiling	average	of	three	or	









buffer	and	boiled	at	95°C	 for	5	minutes.	 Samples	were	either	 stored	 in	 -20°C	or	
directly	 loading	 on	 10-15%	 SDS	 PAGE	 gel	 for	 further	 analysis	 of	 proteins	 as	 per	
requirement	of	experiments.	
To	prepare	sample	from	adult	flies,	flies	were	homogenized	and	lysed	in	40	µl	RIPA	







Protein	 levels	 were	 analyzed	 using	 western	 blot	 techniques	 and	 this	 requires	
Sodium	dodecyl-sulfate	(SDS)	poly-acrylamide	gel	electrophoresis	(PAGE).	Samples	
were	loaded	on	8-15%	SDS	poly-acrylamide	gel	with	Biorad	Tetracell	system	and	run	





paper	 (cathode,	 Whatman	 paper,	 gel,	 membrane,	 Whatman	 paper,	 anode).	 To	
check	successful	transfer,	membrane	was	incubated	with	Ponceau	for	10	minutes	
at	 room	 temperature.	 The	 membrane	 with	 successful	 protein	 transferred	 was	
washed	2-3	times	with	PBST	(0.1%	Tween-20	in	PBS)	and	thereafter	incubated	with	
5%	skimmed	dry	milk	 in	PBST	to	get	 rid	of	unspecific	antibody	binding.	This	was	














washing,	 beads	were	mixed	with	V5	 antibody	 (2µg/20µl	 of	 dry	 bead	 volume)	 in	
250µl	PBS	and	incubated	at	room	temperature	on	rotating	platform	for	30	minutes.	












For	 immunoprecipitation,	 S2	 cells	 with	 pMT-protein-V5-His	 containing	 construct	
were	induced	with	1mM	CuSo4	for	overnight.	1.5-2.0	x	108	S2	cells	expressing	V5-
tagged	proteins	were	washed	with	cold	PBS	and	then	lysed	with	Co-IP	buffer	(See	
section	 5.3	 Buffer/Solution,	 serial	 no.	 21).	 Lysis	 buffer	 was	 supplemented	 with	
proteasome	inhibitors.	Cells	were	incubated	with	lysis	buffer	for	20	minutes	at	4°C.	
Cells	were	 then	 centrifuged	 for	30	minutes	 at	 13000rpm.	 Supernatant	was	 then	
transferred	to	precooled	tube	containing	20	µl	of	beads	coupled	with	V5	antibody.	
Supernatant+beads	were	incubated	at	4°C	for	3-5hours	on	rotating	platform.	Beads	
were	 then	 collected	 by	 centrifugation,	 1000rpm	 at	 4°C.	 Thereafter	 beads	 were	












cold	 RIPA	 buffer	 (1:10)	 and	 supplemented	with	 10mM	NEM.	 Lysates	were	 then	





subjected	 to	 nuclear	 fractionation.	 106	 -107	 S2	 cells	 were	 harvested	 and	
resuspended	in	RIPA	lysis	buffer	with	protease	inhibitors	for	10minutes	on	ice.	Cells	
were	then	centrifuged	at	13000rpm	for	30	minutes	at	4°C.	Supernatant	was	kept	as	





































HP1	 can	 interact	 with	 H3K9me	 and	 Su(var)3-9	 (Schotta	 et	 al.	 2002).	 Further,	
tethering	of	HP1	results	 in	recruitment	of	CENP-A	as	seen	via	Lac-o/Lac-I	system	
developed	for	S2	cells	(Olszak	et	al.	2011).	In	order	to	probe	whether	Lac-I-Su(var)3-
9-GFP	tethering	 is	 involved	 in	CENP-A	recruitment	at	the	site	of	Lac-O	 in	S2	cells	
(Lac-O	 cells	 courtesy	 of	 Patrick	 Heuns’s	 Lab),	 Lac-O/pMT-Lac-I-Su(var)3-9-GFP	
























depleted	cells	and	also	 increased	CENP-A	foci	as	seen	via	 IF	 (Figure	6.2	and	6.3),	






































ectopic	 loading	 throughout	 the	 chromatin	 (Pauleau	&	 Erhardt	 2011;	Heun	et	 al.	





Cells	 with	 pMT-CENP-A-V5-His	 construct	 were	 incubated	 with	 1mM	 CuSO4	
overnight	for	overexpression	of	CENP-A.	Additionally,	cells	were	treated	with	0.5	
µM	 TSA	 overnight.	 These	 cells	were	 subjected	 to	 IF	 and	 later	 analyzed	 under	 a	
microscope.	As	expected,	S2	cells	with	no	CENP-A	overexpression	only	showed	a	
CENP-A	signal	at	chromocenter	(near	bright	DAPI	region)	(Figure	6.4	A).	In	contrast,	
CENP-A	overexpressing	 cells	 showed	 a	 CENP-A	 signal	 throughout	 the	 nucleus	 or	
Figure	6.4:	TSA	affects	the	CENP-A	nuclear	localization	in	CENP-A	overexpressing	cells	.	A)	S2	cells	without	







DAPI	 stained	 region	 suggesting	 ectopic	 CENP-A	 localization	 (Figure	 6.4	 A).	
Furthermore,	careful	observation	of	TSA	treatment	of	CENP-A	overexpressing	cells	
shows	less	CENP-A	in	DAPI	region	(Figure	6.4	A).	This	suggested	that	TSA	treatment	




S2	 cells	with	 and	without	 TSA	were	 subjected	 to	nuclear	 fractionation	 and	 later	
analyzed	by	 immune	blotting	using	V5	 antibody.	 Control	with	no	CENP-A-V5-His	
expression	did	not	show	any	band,	while	cells	induced	with	CuSO4	show	a	high	level	
of	CENP-A-V5-His.	Interestingly,	the	addition	of	TSA	to	these	cells	reduces	the	CENP-










damage	 (0.4%	MMS).	 The	 samples	were	 analyzed	using	Mass	 Spectrometry	 and	
Proteomics	 at	 ZMBH	 core	 facilities.	 This	 provided	 several	 potential	 protein	











































































the	 results	of	which	 suggests	an	 increase	 in	 the	 level	of	CENP-A	 in	ATM	mutant	
Drosophila	fly.	
Table	 1.3:	 Interesting	 CENP-A	 interacting	 proteins	 obtained	 in	 mass	 spectrometry	 analysis.	 The	 table	
represents	selected	interacting	proteins	detected	in	mass	spectrometry	approach.	CAF1(p55),	Top-2	and	ZW10	
have	been	reported	previously	by	other	members	in	the	lab.	Su(var)3-7,	ATM,	MCM5	and	TXR	were	few	of	the	
potentially	 interesting	 interacting	 proteins.	 The	 candidates	 presented	 in	 table	 are	 found	 in	 two	 or	more	











6.6 List	 of	 CENP-A	 interacting	 proteins	 detected	 by	 mass	 spectrometry	 in	
presence/absence	of	DNA	damage	
To	 identify	CENP-A	 interacting	proteins	with	 and	without	 genotoxic	 stress	 (0.4%	
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